Time-dependent density functional theory (TD-DFT) and correlated ab initio methods have been applied to the electronically excited states of vitamin B 12 (cyanocobalamin or CNCbl). Different experimental techniques have been used to probe the excited states of CNCbl, revealing many issues that remain poorly understood from an electronic structure point of view. Due to its efficient scaling with size, TD-DFT emerges as one of the most practical tools that can be used to predict the electronic properties of these fairly complex molecules. However, the description of excited states is strongly dependent on the type of functional used in the calculations. In the present contribution, the choice of a proper functional for vitamin B 12 was evaluated in terms of its agreement with both experimental results and correlated ab initio calculations. Three different functionals, i.e. B3LYP, BP86, and LC-BLYP, were tested. In addition, the effect of relative contributions of DFT and HF to the exchange-correlation functional was investigated as a function of the range-separation parameter, μ. The issues related to the underestimation of charge transfer (CT) excitation energies by TD-DFT was validated by Tozer's  diagnostic, which measures the spatial overlap between occupied and virtual orbitals involved in the particular excitation. The nature of low-lying excited states was also analyzed based on a comparison of TD-DFT and ab initio results. Based on an extensive comparision against experimental results and ab initio benchmark calculations, the BP86 functional was found to be the most appropriate in describing the electronic properties of CNCbl. Finally, an analysis of electronic transitions and a new re-assignment of some excitations are discussed. 
Introduction
Since its initial formulation, 1 linear-response time-dependent density functional theory (TD-DFT) 2, 3 has become one of the most widely used computational tools to study electronically excited states of complex molecules. 4, 5, 6 It is generally accepted (at least for medium to large systems up to 300 second-row atoms) that certain electronic excitations can be accurately described within the TD-DFT framework. For generalized gradient approximation (GGA) 7, 8 or hybrid exchange-correlation functionals, 9 computed excitation energies are often accurate to within a few tenths of an electronvolt. This applies to electronic transitions involving minimal charge transfer that lie well below the ionization potentials. However, for excitations to Rydberg states or for charge-transfer (CT) states, a significant underestimation of computed energies has been noticed. 10, 11, 12, 13, 14, 15, 16, 17 While the former can be corrected using an asymptotic correction, the latter are more problematic mainly due to errors associated with selfinteraction. 18, 19 CT-type excitation energies are often significantly underestimated by TD-DFT calculations employing conventional exchange-correlation functionals. In order to partially correct for this shortcoming, range-separated exchange-correlation functionals, such as Coulomb-attenuated B3LYP (CAM-B3LYP) 20 or long-range corrected BLYP (LC-BLYP), 21 have been designed for accurately calculating CT excitations in TD-DFT calculations. Nevertheless, the view that CT excitations are significantly underestimated by TD-DFT calculations needs to be interpreted with caution since these errors typically refer to long-range excitations with a low degree of spatial overlap between the occupied and virtual orbitals involved in the excitation. In order to judge the reliability of excitation energies, a simple test (referred to as the  diagnostic) 22 has been suggested. For a given excitation, the degree of overlap is calculated using this  diagnostic, which involves the inner product of the moduli of individual occupied and virtual Kohn-Sham orbitals. Its numerical value can range from 0 to 1, with values near zero signifying long-range excitation, while values near unity signifying a short-range, localized excitation. Based on its definition, excitation energies are significantly underestimated when  is very small. It has further been proposed that an excitation with  < 0.4 from a GGA or  < 0.3 from a hybrid functional is likely to be significantly underestimated. 23, 24 However, a high  value does not guarantee that the excitation is correctly described by TD-DFT.
The use of range separated exchange-correlation functionals, such as CAM-B3LYP, does not necessarily guarantee that results are improved over conventional functionals either. In fact, the predicted spectra may worsen, as has been recently found for two cobalamins: cyanocobalamin (CNCbl or vitamin B 12 ) and methylcobalamin (MeCbl), where absorption (Abs), circular dichroism (CD) and magnetic CD (MCD) spectra based on TD-DFT calculations were simulated for direct comparison with experiment. 25 For these two bioinorganic complexes, the conventional BP86 functional performed better than CAM-B3LYP. It should also be noted that the  diagnostic was computed for each excited state under consideration, and all computed  values were greater than 0.4, indicating that the TD-DFT calculations were not affected by CT failure. The unexpected poor performance of the CAM-B3LYP functional may indicate that the inclusion of long-range Hartree-Fock exchange into TD-DFT overestimates the energy gap between the occupied and virtual orbitals, thus making the virtual-occupied energy difference a poor estimation for excitations energies. This type of sensitivity with respect to treatment of exact exchange seems to play a more important role in systems with transition metals rather than in organic molecules. 26, 27 In the present contribution, we continue our focus on vitamin B 12 ( Figure 1) calculations are used to calibrate TD-DFT computed excited states. 35, 36, 37 In the present study, we discuss both our TD-DFT and ab initio calculations and then compare their accuracy in predicting vitamin B 12 excitation properties.
Computational Details
2.1. Structural Models. The full structure of vitamin B 12 was extracted from available high-resolution X-ray crystallographic data. 38 To decrease the computational cost associated with the complexity of the system (Figure 1 ), some simplifications to the initial structure were introduced. All side chains of the corrin ring as well as the nucleotide loop were truncated and replaced by hydrogen atoms. Previous studies have demonstrated that such simplified models of B 12 cofactors were appropriate for studying their structural and electronic properties. 39 The full structure of CNCbl also possesses dimethylbenzimidazole (DBI) as the lower axial base. In certain classes of B 12 -dependent enzymes, 40 the DBI base is replaced by histidine (His) from the protein side chain. Hence, two structural models with different lower axial ligands were utilized in the present calculations. The first structural model contains imidazole (Im), and the second is axially ligated to DBI (Figure 2 ). Both models were optimized at the BP86/6-31G(d) level of theory using the Gaussian 09 suite of programs, 41 and their coordinates can be found in the Supporting Information (Tables S1 and S2 ). Taking into account that the main features observed in the electronic absorption spectra of cobalamins correspond to corrin  → * transitions, both models are appropriate to model electronically excited states of vitamin B 12 .
TD-DFT Calculations.
Several types of TD-DFT calculations have been carried out to explore the electronically excited states of CNCbl. To reproduce the electronic absorption spectrum of CNCbl, the 35 lowest excited states were calculated.
All vertical excitation energies were computed at the BP86/6-31G(d) optimized ground state geometries described previously. Three different functionals, including BP86, B3LYP, and LC-BLYP, were utilized. Therange-separated LC-BLYP functional, which recovers the exact -1/r exchange dependence at large interelectronic distances, was calculated as a function of the range-separation parameter μ. Starting from μ = 0.00, which corresponds to a pure exchange-correlation density functional, the rangeseparation value was systematically increased up to 0.90 in increments of 0.05. The TD-DFT-based absorption spectra were analyzed in both gas phase and water solution environments, with the latter being modeled using a polarizable continuum model (PCM) and COnductor-like Screening MOdel (COSMO) 42 . The discussion about the nature of the low-lying excited states, however, focuses mainly on gas phase calculations which can be directly compared with high-level, correlated ab initio results.
In certain instances, the electronically excited states were computed by employing the CAM-B3LYP functional. The TD-DFT calculations have been performed using the GAMESS, 43 was also examined with a much larger aug-cc-pVDZ, basis set. It should be mentioned that the basis set quality significantly increases computational cost, and balancing accuracy against a reasonable computational time is crucial for the feasibility of the computations. Consequently, ab initio calculations with the triple-zeta quality basis set
were not considered as a practical scheme, and these calculations were performed only with the 6-31G(d) basis set. We also note that since the CASSCF method largely considers static electronic correlation effects, and thus depends less on the nodal structure of the wave function, the 6-31G(d) basis will suffice for giving reasonable results for the MCSCF calculations. For the more dynamical correlation-oriented CC2 method, the 6-31G* basis may be less adequate, but we will see that there are other concerns regarding the reliability of the CC2 results.
Results and Discussion
The performance of DFT in modeling electronic and structural properties associated with the ground state of B 12 cofactors has been the subject of several studies. 48, 49 It was concluded that GGA-type functionals (such as BP86) are particularly well suited for describing their ground state properties. The recent review by Jensen and Ryde 50 provides a more detailed discussion. Other properties such as absorption spectra, CD, and MCD data were also analyzed based on realistic corrin-based models.
Results based on the BP86 functional were in much better agreement with experimental data than those based on CAM-B3LYP, demonstrating the improved performance of BP86 compared to hybrid or Coulomb-attenuated functionals. cofactors, the most important salient features arise from the examination of the first few low-lying electronic excited states. Consequently, the comparison of TD-DFT results with correlated ab initio data (presented further in this paper) allows for a reliable justification of the suitability of a particular density functional to study electronic properties of CNCbl.
Lambda diagnostic for low-lying excited states.
Up to this point, the performance of different functionals, including GGA and hybrid, has been discussed in the context of how well they reproduce absorption spectra. Although functionals analyzed in the present study tend to provide satisfactory agreement with experiment, the CT-type excitations are often very poorly described by TD-DFT. In order to justify the reliability of vertical excitations of CNCbl predicted at the TD-DFT framework with different functionals, calculations involving the  diagnostic were performed. CNCbl. For medium-sized systems, the CC2 method is commonly used to compute excitation energies to serve as accurate benchmarks for TD-DFT calculations. We initially focused on the four lowest states of CNCbl in order to estimate their energies at the CC2 level of theory. However, as shown in Table 1 , the CC2 excitation energies are severely underestimated due to a significant multi-reference character indicated by the D1 diagnostic. 55 The D1 diagnostic essentially measures the quality of the HF reference wavefunction, with values less than 0.05 indicating that a single determinant is appropriate. We found that all of the 4 lowest electronic states of CNCbl were significantly above the 0.05 threshold, demonstrating a severe deficiency in the HF reference wavefunction for these metal-containing complexes.
Consequently, CASSCF calculations were applied as a more appropriate method for studying electronically excited states of CNCbl. The CASSCF approach is very challenging when applied to molecules containing transition metals, and the results strongly depend on the choice of active space. Since CNCbl contains a cobalt atom in its structure, the proper selection of active space enforces the use of the metal's d orbitals. Also, a complementary set of 3d orbitals has to be added to the active space in order to take into account double-shell effect. 56 When the complex contains a tetrapyrrolic ligand (such as corrin) in addition to cobalt d orbitals, the proper active space also requires inclusion of  orbitals of corrin as well as σ orbitals associated with axial bonding. Keeping in mind these constraints, the active space was initially selected using orbitals previously applied in CASSCF calculations for cob(I)alamin 57 (Table 3 ). This finding also contradicts the expectation that electronic excitations possessing non-zero transition dipole moments mainly involve corrin  → * transitions. In order to obtain reliable results, second-order perturbation theory was applied using the MC-XQDPT2 scheme based on the SA CASSCF wavefunction. Inclusion of dynamical correlation energy changes the nature of the electronic transitions, and more states having mixed d/ → * character are produced ( Table 2 ). The specific mixing is shown in Figure 8 , 
Assignment of Electronic Excitations.
The previous studies employing the B3LYP functional lead to the assignment of the majority of bands observed in the absorption spectrum of CNCbl. 30, 52 As in other corrinoid species, the B3LYP calculations yield a much more blue-shifted transition with respect to experimental values. Although the spectral shifts can be compensated by scaling, other problems with the B3LYP functional such as the underestimation of Co-C bond dissociation energy, overestimation of Co-N axial bond distance, as well as the description of the nature of low-lying excited states can not be disregarded. Hence, we focus our discussion on our TD-DFT/BP86 calculations in order to present a re-assignment of electronic transitions of CNCbl.
The description of the singlet excited states of CNCbl is presented in Table 4 
Summary and Conclusions
Although electronically excited states of vitamin B 12 derivatives have been probed employing a variety of experimental techniques, their exact nature remains poorly understood from an electronic structure point of view. In order to shed light on their complex spectra, the TD-DFT framework offers a practical method that can be applied to predict the excited states of complex bioinorganic molecules such as vitamin B 12 . Nevertheless, a critical step in TD-DFT calculations is the choice of an appropriate functional which was the focal point of the present study.
In the present contribution, the choice of the proper functional for vitamin B 12 was evaluated by taking into account comparisons with experimental data as well as Table 2 for further details). 
